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Semi-Insulating Gallium Arsenide substrates 
are the foundation of the GaAs Integrated 
Circuit industry. Improvements in High 
Pressure Liquid Encapsulated Czochraiski 
crystal growth technology have brought the 
state-of-the-art of SI-GaAs into the realm of 
Silicon. 



Experimental Effort 

The experimental effort built upon results of the theoretical 
models. The melt size was incrementally increased from 8 
kilograms to 24 kilograms. In addition to hardware modifications 
suggested by the model, the effects of chamber pressure, seed and 
crucible rotation rates, and position of the melt within the hot zone 

growth processes listed ^T^l T reSUlted in the dev elopment of the 




Figure 3 



Table 1 : Progression of Charge Sizes 



Charge Weight 

15 kg 
17 kg 
21kg 
24 kg 



Single Crystal Weight 

12.5 kg 
15.0 kg 
18.5 kg 
22.0 kg 



The final process yielding a 22 kg crystal from a 24 kg melt results in approximately 400 
1 00mm substrates per boule. This represents almost a five fold increaseTn S pe ' 
growth run as compared to our baseline 8 kg process. P 

The success of the crystal growth program at M/A-COM gives us confidence that further 
advances m boule size can be realized in the future. The charge weigh* ^GaA^JhW, 
^ currently being successfully pulled are comparable to small SS^pSJSS^ 
Our results indicate that over the next several years, charge sizes compa aWe to Z 
Silicon industry will be the norm. ^umpdraoie to ine 
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Electrical Properties 

2n^ Ca ' P T rtieS ° f SI " GaAs "» 8° vemed ^ a between background 

« oTriT^s wi,h *• native deep donor defect Eu ^ »" 

Z^"Z^ where: 2> a >^ 2 -]>X 

for semi-insulating behavior to be observed. In this representation, N EI , is the 
concentration of the deep donor EL2, SumN a is the sum of all shallow acceptors, and 
SumN d is the sum of all shallow donors. 

tt ™T" ly i d3yS ° f SI " G f As ' the mechanis ™ which controlled the electrical properties of 
the matenal were not understood. It was found that stoichiometry played a cS role in 
determimng the concentration of EL2 [3]. With this r^ti^^^^ * 
GaAs focused efforts on gainmg control of the GaAs synthesis process to obtam the 
desired stoichiometry m a reproducible manner. For the most part, the rde of ZZities in 
determining the electncal properties of the material produced was ignored From T 
above relationships it is clear that background impurity concenSs pTa^ as key a role 
as stoichiometry in determining the substrates properties. V 

Impurities are primarily introduced by two paths: 

• Impurities contained in the raw materials used in the growth process and 

• Impunties introduced during the growth process. 

Since the electrical properties are determined by the balance (SumN -SumN.) it is not 
only the particular impurities in a given raw material which is of concern but also the 
nteractions these impurities will have with the impurities containXofter rat Aerials 
used in the process. A focus on impurity interactions has resulted £ T^fiZt 

i^^SS - ^ deCtnCaI ~ S ° f «" — 335 exhibited 

Table 2: Evolution of the Electrical Properties of SI- 

GaAs 





1988 


1995 


Average Resistivity (ohm-cm) 


1.03xl0 8 


3.02xl0 7 


Standard Deviation 


2.71xl0 8 


2.60xl0 7 


Average Mobility (cmW-s) 


6243 


7371 


Standard Deviation 


1624 


347 



Data from M/A-COM's Materials Database 
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The data of Table 2 indicates an order of magnitude reduction 
in the standard deviation of the resistivity of the material 
grown. Likewise, the standard deviation in the electron 
mobility has been improved by a factor of ~5. The graphic 

• 

in Figure 4 illustrates the pronounced 
improvements in the electrical properties of material being 
produced today. The increase in the electron mobility 
indicates that SI-GaAs substrates are considerably purer than 
they were a decade ago. 

Conclusions 



StlnwHt 0 6 deCtriC u al Pr ° PertieS ° f SI - GaAs SUb8trates cou Pkd 
maturity of GaAs-IC processing has virtually eliminated the substrate from 

f m S n 6V1Ce ^ t6nStlCS - The b ° ule t0 boule ™ d within boule uniformity hS 

tlZ ^ ICpXr' T th t e ^ y ^ ° f GaAs - These attributes « onlynow 
allowing IC FABs to question the efficacy of their qualification procedures. 

The improved electrical uniformity of material has changed the motivation of increasing 

to 6 lain oTt IS"? m °? Vati0n ^ t0 d6CreaSe b0U,e ^McJ^ZT^ 
to obtain cost-effective manufacturing of the material itself. The GaAs industrv is frul v 

moving toward the manufacturing realm of the Silicon industry. Ma^dfefSts „^ ^ 

costs and the ability to purchase wafers as a commodity. 
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Semi-Insulating Gallium Arsenide substrates are the foundation of the 
UaAs Integrated Circuit industry. Improvements in High Pressure Liquid 
Encapsulated Czochralski crystal growth technology has brought the 
state-of-the-art of SI-GaAs into the realm of Silicon 



•i 



II! 



Gallium Arsenide integrated circuit technology was born with the 

i 5 fSo 1 *?? 6 * ° f Und ° ped sani-insulating Gallium Arsenide (SI-GaAs) in 
I :: 1 979. This material was produced by the High Pressure Liquid 

magnitude and electron mobility was low indicating a lack of control o'ver ^S^^L 
^c mmm{Aim and the stoichiometry of the material. This in turn lead to deleterious 

effects m device fabrication. In epitaxial growth, impurity outdiffusion 
would adversely affect control over layer characteristics, while in ion 
implantation based processes, implant activation and uniformity would 
vary from ingot to -ingot. The variation observed in the starting material 
was further amplified by the immature device processing technologies 
being used at the time. 6 
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— iC ,„ m „ GaAs: (1) IC FABs purchase boules not wafers, and (2) large boules are 

required to diminish substrate qualification cost. 

Significant progress has been made in the ensuing years in terms of the 
control over critical materials parameters. These improvements have lead 
to a level of reproducibility and the trend towards the abandonment of 
these costly qualification procedures. Increased ingot size is now 
motivated by cost effective production, as in the silicon industry, rather 

n e*u a means of reduci ng qualification costs. The followine will detail 

some of the improvements made in substrate materials over the past years. 

Crystal Growth Development 

Crystal growth of SI-GaAs over the past seventeen years has experienced significant progress The two 
and three inch production has given way to 100 and 150mm crystal gftrnth^T^S^oft 
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North American usage of GaAs is 100mm diameter. Though the diameter of material m-nwn h*c k 

SiSf of 7? h cryst , al substrates per ^ owUl ™ *^£SZ^£^ 

wnvu single crystal material has been roughly proportional to the diameter of the crvstTbll 

ZTrnM °™Z ° f P 0, W stalline 8«»wth has limited the amount of usable SdSSS At 
M/A-COM, we have undertaken a development effort to maximize the yield of ^OOmm cmtals frl 

Finite Element Modeling 

Our hypothesis to increase the yield of single crystal grown from a given melt size was that the 
b Sfe»l^ tal ^ ^ linked to the morphology ofCSS It has 
MOfthll UttflUb been demonstrated that a concave morphology at the periphery S crystal 

leads to polycrystalhne growth [1]. To control the morphology of this intafcee 

™ZTT^ mdmg °! ^ f? ^ mech « in the^owth sy" m is ' 
required. This process knowledge would allow for modification of the growth 
environment with predictable results. To gain an understanding of the h^at 

the ^Jth 81 ^f^' ^ St6ady St3te fmite e,ement simulations of 
the growth process were developed. The development of these theoretical 

models of our crystal growth systems was conducted by CAPE, Inc. [2]. 

JfL f ^<=tir ent r deIS C ° nSidered ** d6tail 8 eometiy the ™» properties 
of our crystal growth systems. To accurately calculate the heat transfer in the 

system, conductive convective and radiative heat transfer was considered Three 

stages of the crystal growth process were modelled: growth of the shoulder 

(early m growth), growth of the initial section of the body (full diamete rSowttt 

that polycrystallme growth «*"■ * * " »* -S^W 

section t^S^S^STf " Fi8 T !• Fi8Ure 1(3) diSplayS 0f the shoulder 

S^^^^^^^^T^? 1S . C ° nVeX ' a StaWe ^ confi g™tion. As 




Charge Weight 


Single Crystal Weight 


15 kg 


12.5 kg 




17 kg 


, 15:0 kg 


* t • * 


21 kg 


•18.5 kg 




24 kg 


22.0 kg 





Building upon this base, changes to the growth environments 
were explored. The effect of these changes on the crystal/melt 



growth from large melts. 



Experimental Effort 



JL7e7^f° n '""I rr ltS ° f the the ° retical mode,s - The mel * ^ze was incrementally 
increased from 8 kilograms to 24 kilograms. In addition to hardware modifications suggested™ the 
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Electrical Properties 

d 8 0 °r d e e d f bj ; b r en background sha »™ - 

given by: 6p d ° n ° r defect EL1 As such resistivity of the substrate is 



where: 




played a cntical role in determining the concentration of EL2 [31 With Ais 
realization, most producers of SI-GaAs focused efforts on gaining control of 
the GaAs synthesis process to obtain the desired stoichiometry in a 

the electrical properties ofTmateria! ZZJZ^ ""JV* of im P urities * determining 

that background Lp^^ ^S^t^^ 8 ^ ' Fram the ab ° Ve relati <™Wps, it is clear 
substrates propeS ^ C ° nCentrat,0ns P 1 ^ as ke y a as stoichiometry in determining the 

Impurities are primarily introduced by two paths: 

• Impurities contained in the raw materials used in the growth process and 

^Impurities introduced during the growth process. P ' 

Since the electrical properties are determined bv the balanre vksa\ • <, , , 

impurities in a given raw material whirhTnf ™„ ™aira (SNa-SNd), it is not only the particular 

have with the cSS hfSi rJ T- ^ the lnteracti <™ these impurities will 

interactions has resulted i TaZ^tZ T * ^ m the pr0CeSS ' A focus on im P^ty 

material produ^^ ?Sm£? ^ ~ ^ 
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2.60x107 
6243 



7<M 




5000 5500 



6000 6500 7000 7500 
Mobility {cnf/V-s} 



8000 8500 



QFV$6aFY9jS 



onh^aSf^SS t:,l3' Ude , ' he S ' Mdard dCTi *" f «- resist 

the electrical properties of material beirm nrol-H ST 4 i![ us f rates the Pronounced improvements in 
-ha, SI-GaAs LL.es are coSS^S % ^"S ^ *— ^ 

Conclusions 

procedures. 8 C FABs t0 questl0n the efficac y of their qualification 

^^^t^^^^l ^ ^ m ° tlVati0n ° f — S -It and boule 
manufacturing of th materia S^Sa^h T ■ ^ " 0W * iS t0 ° btain C0St effect 
of the Silicon indus^KiSSn^r^^ ^ t0Ward the ^nufacturing realm 

-wing d^^Sf - Si!^ 
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During growth by LEC steep thermal gradients are established in the 
gallium arsenide crystal. For example vertical temperature gradients 
measured during growth were found to be 60-80 o C/cm.[6]. The 
resulting stresses cause dislocations and slip and leave frozen-in strain 
in the crystal. 

* 

Relief of this strain can cause crystals to crack. This is avoided by 

annealing the crystals before grinding or cutting operations are carried 
out. 

The stress due to radial gradients was shown to be at a maximum at a 
vertical position about two thirds of the encapsulant depth from the 
melt surface [4], These stresses are caused by the heat flux from the 
crystal into the oxide. Since this flow is reduced the stress in the 
crystals is also diminished. 

Electrical Properties 

The electrical properties of semi-insulating gallium arsenide are 
determined by a balance between a defect level EL2, which is a deep 
donor, and chemical impurities, principally sulfur and carbon. 

The concentration of EL2 is determined by the melt stoichiometry and 
that of the chemical impurities by the purity of the raw materials, 
handling practices and the growth environment. 

High purity semi-insulating gallium arsenide typically has electrical 

resistivity in the range 1-5*10 7 ohm.cm, and electron mobilitiy >7000 
cmVv.sec. 



Results of Hall measurements on three crystals over 500mm long are 
given in Table I. 
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TABLE I 

Ebcbical Properties of Larg; GaAs Crjstib 

Crystal Resistivity(10 7 ohm.cm) Mobility(cm 2 /v.sec) 
seed tail seed tail 

1 2.3 2.6 7888 7865 

2 3.5 2.7 7899 7561 
__2 2.0 5.1 7777 7568 

When higher resistivities are required this can be achieved by 
controlled carbon doping and this process was described bv 
W.M.Higgins et al. [7]. 

Conclusion & Future Program 

Modification of the thermal environment of the MR 15/25 high 
pressure puller has enabled us to grow very large (22kg) crystals of 
high quality semi-insulating gallium arsenide. The equipment with 
minor modification, could be employed for growing 4 inch diameter 
crystals up to 42kg, 90cm long. However 22kg is close to the limit 
which can be handled manually. Growth of significantly larger crystals 
will require robotic handling systems. 

The process is being applied to the CI 358 pullers, where it will enable 
an increase in charge size from eight to fourteen kilograms. This 
represents an increase from 100 to 200 wafers per boule. 
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